Proliferation and differentiation of goat bone marrow stromal cells in 3d scaffolds with tunable hydrophilicity by Escobar Ivirico, J. L. et al.
Proliferation and Differentiation of Goat Bone Marrow Stromal
Cells in 3D Scaffolds With Tunable Hydrophilicity
J. L. Escobar Ivirico,1,2 M. Salmero´n-Sa´nchez,1,2,3 J. L. Go´mez Ribelles,1,2,3 M. Monleo´n Pradas,1,2,3
J. M. Soria,4 M. E. Gomes,5,6 R. L. Reis,5,6 J. F. Mano5,6
1 Networking Research Center on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Valencia, Spain
2 Center for Biomaterials and Tissue Engineering, Universidad Polite´cnica de Valencia, Valencia 46022, Spain
3 Centro de Investigacio´n Prı´ncipe Felipe, Valencia 46013, Spain
4 Facultad de Ciencias de la Salud, Universidad CEU-Cardenal Herrera, Moncada, Valencia, Spain
5 Department of Polymer Engineering, 3B’s Research Group-Biomaterials, Biodegradables and Biomimetics,
University of Minho, Braga 4710-057, Portugal
6 IBB—Institute for Biotechnology and Bioengineering, PT Government Associated Laboratory, Braga, Portugal
Received 29 July 2008; revised 19 January 2009; accepted 11 February 2009
Published online 13 May 2009 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.b.31400
Abstract: We have synthesized methacrylate-endcapped caprolactone networks with tailored
water sorption ability, poly(CLMA-co-HEA), in the form of three-dimensional (3D) scaffolds
with the same architecture but exhibiting different hydrophilicity character (xHEA50, 0.3, 0.5),
and we investigated the interaction of goat bone marrow stromal cells (GBMSCs) with such
structures. For this purpose, GBMSCs were seeded and cultured for 3, 7, 14, 21, and 28 days
onto the developed scaffolds. Cells have proliferated throughout the whole scaffold volume.
Cell adhesion and morphology were analyzed by SEM, whereas cell viability and proliferation
was assessed by MTS test and DNA quantification concluding that numbers of cells increased
as a function of the culturing time (until day 14) and also with the hydrophobic content in the
samples (from 50 to 100% of CLMA). No significant difference between samples with 100%
and 70% of CLMA were detected in some cases. Osteoblastic differentiation was followed by
assessing the alkaline phosphatase activity of cells, as well as type I collagen and osteocalcin
expressions levels until day 21. The three markers were positive at days 14 and 21 when cells
were cultured in 100% CLMA substrates which suggests osteoblastic differentiation of
mesenchymal stem cells within these scaffolds. On the other hand, when the CLMA content
decreases (until 50%), type I collagen and osteocalcin were positive but ALP was negative
indicating that the differentiation process is affected by hydrophilic content. We suggest that
such system may be useful to extract information on the effect of materials’ wettability on the
corresponding biological performance in a 3D environment. Such general insights may be
relevant in the context of biomaterials selection for tissue engineering strategies. ' 2009 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 91B: 277–286, 2009
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INTRODUCTION
With the progressive ageing of world population, car
accidents and other pathologies and trauma, the need for
functional tissue substitutes is increasing. Today, organ, tis-
sue transplantations and medical devices have an important
role in medical practices but have limitations. Using autolo-
gous tissue in some affections has inconveniences such as
complications of the harvesting procedure during operation,
as well as the elaborate surgical procedure and the limited
availability of autologous bone. Bone tissue engineering,
combining bone marrow stromal cells (BMSCs) with a
scaffolds and osteoinductive growth factors, provides a
potential alternative to autologous bone grafts.
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Total porosity, pore size and shape, as well as pore
interconnectivity determine the transport of nutrients and
metabolites throughout the scaffold, which in the end mod-
ulate cell colonization and the ability of cells to deliver the
adequate extracellular matrix. For artificial scaffolds to
become osteoconductive, these are the clue factors in the
conceptual design.1–4
In our previous work,5 it was shown that caprolactone
2-(methacryloyloxy) ethyl ester (CLMA) and 2-hydrox-
yethyl acrylate (HEA) can form homogeneous random co-
polymer networks when polymerized by free radical
mechanism in solution of N,N-dimethylformamide (DMF).
It was also shown that these materials could be used to
produce three-dimensional (3D) scaffolds with varying
water sorption ability since pure CLMA is hydrophobous
and the addition of some HEA, monomeric units, rapidly
increases water sorption. The effect of cell attachment and
proliferation on the poly(CLMA) and poly(CLMA-co-
HEA) networks was observed by in vitro monolayer culture
of human chondrocytes up to 8 days. It was shown that
cell adhesion and proliferation onto the copolymer substrate
containing 30% by weight of HEA units was approximately
the same than onto poly(CLMA), both comparable to
TCPS control.
By varying the HEA content in the system one can con-
trol, up to a certain extent, the wettability of the copoly-
mer. It has been shown that the hydrophilic nature of the
surface may strongly influence protein adsorption and cell
adhesion.6 Such kind of studies has been mainly performed
in 2D culturing conditions. We hypothesize in this work
that the poly(CLMA-co-HEA) may provide a good model
system to study the effect of wettability on the material-
stem cell response in a 3D environment.
Research focused in tissue engineering strategies requi-
res the use of adequate cell sources that should be viable in
terms of clinical practice. Many works has been done
involving the use of mesenchymal stem cells, since they
are able to differentiate into various mesenchymal line-
ages.7 In this context, goat BMSCs have been demonstrated
to be an adequate model in validating tissue engineering
strategies due to their high proliferation rate. Such cells dif-
ferentiate into osteogenic or chondrogenic phenotypic cells
in the presence of adequate culture media.8 The aim of this
work is to extend that study to investigate the influence of
substrate hydrophilic character on cell viability, prolifera-
tion, and differentiation in bone marrow cells cultured in
osteogenic medium into 3D scaffolds made with these
copolymers.
EXPERIMENTAL
Materials
Caprolactone 2-(methacryloyloxy)ethyl ester (CLMA)
(Aldrich) and 2-HEA (Aldrich, 96% pure) were used
without further purification. Benzoin (Aldrich, 98% pure)
and ethylene glycol dimethacrylate (EGDMA) (Aldrich,
99% pure) were used as initiator and crosslinking agent,
respectively. Acetone (Scharlau, synthesis grade) and etha-
nol (Aldrich, 99.5% pure) were used as solvents.
Preparation of the Scaffolds
Constructs with Spherical Pores. Poly(methyl methac-
rylate) (PMMA) microspheres with diameter 90 6 10 lm
(Colacryl dp 300) were used as porogen introducing them
between two plates (of a self-built device) whose distance
can be controlled by adjusting the step of a coupled screw
and heated at 1808C for 30 min to obtain the first template.
This template shows the highest porosity attainable (that
will yield the lowest porosity of the scaffold) with typical
compaction values of 60–65% for random monosized
spherical particles. To obtain scaffolds with controlled po-
rosity, the thickness of the obtained disk was first meas-
ured; then the disk was replaced in the mould and
compressed at 1808C for half an hour. The degree of
compression was quantified by measuring the thickness
diminution.
After cooling the template at room temperature, a mono-
mer solution (in different weight proportions of both com-
ponents 100/0, 70/30, 50/50, CLMA/HEA, with 1 wt % of
benzoin and 2 wt % of EGDMA) was introduced in the
empty space between the PMMA spheres.5 The polymer-
ization was carried out up to limiting conversion under a
UV radiation source at room temperature.
After polymerization took place, the porogen template
was removed by Soxhlet extraction with acetone for 48 h.
The porous sample was kept 24 h more in a Soxhlet with
ethanol to extract low molecular weight substances. Sam-
ples were dried in vacuum to constant weight before char-
acterization.
Micro-Computed Tomography
The qualitative information of the poly(CLMA) and poly-
(CLMA-co-HEA) scaffolds architecture was obtained by
micro tomography imaging using a Scanco 20 equipment
(Scanco Medicals, Switzerland) with penetrative X-rays of
50 keV. The X-ray scans were acquired in high-resolution
mode. Mimics software (Materialise, Belgium) was used to
visualize the 2D X-ray sections images of the materials lay-
ered scaffolds. From the l-CT data set, 150–160 slices of a
region of interest were used to investigate the interconnec-
tivity of the pores.
Isolation and Culture of GBMCs
BMSCs were isolated from the iliac crest of adult goats
and cultured with Dulbecco’s Modified Eagle’s Medium
(DMEM; Sigma-Aldrich) supplemented with 10% fetal bo-
vine serum (FBS; Gibco, UK) and antibioticantimycotic
(1% A/B, Gibco, UK) solution containing 10,000 units
per mL penicillin G sodium, 10,000 mg/mL streptomycin
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sulfate, and 25 mg/mL amphotericin B as Fungizones1 in
0.85% saline, as described in previous works.9
Seeding and Culturing of GBMCs onto
Poly(CLMA-co-HEA) 3D Scaffolds
GBMCs cells were enzymatically lifted with 3 mL of tryp-
sin (Sigma) after reaching 80% of confluence at P2. A cell
suspension (1 3 105 cells in 50 lL of medium) was pre-
pared and injected into the poly(CLMA-co-HEA) scaffolds
(sterilized with 25 kGy gamma radiation). The seeded scaf-
folds were then incubated at 378C under 5% of CO2 condi-
tions for 1 h and, after this time, an additional amount of
fresh medium (700 lL) was added to each well. For induc-
ing osteogenic differentiation, cells/scaffolds constructs
were cultured in 48-well plates for 3, 7, 14, 21, and 28
days with osteogenic differentiation media consisting of
alpha-MEM (Minimal Essential Medium Eagle alpha modi-
fication, Sigma-Aldrich) supplemented with 1028M dexa-
methasone (Sigma-Aldrich), 50 mg/mL ascorbic acid
(Sigma), and 10 mM b-glycerophosphate (Sigma). Osteo-
genic medium was renewed every 2–3 days. Each experi-
ment was performed in triplicate.
Characterization of Cell-Scaffold Constructs
Cell Viability. Cell viability was assessed by the MTS cell
proliferation assay which quantified mithocondrial activity
by measuring the formation of a soluble formazan product,
which directly proportional to the number of living cells. Af-
ter 3, 7, 14, 21, and 28 days of cultured, cells-CLMA/HEA
scaffold constructs were transferred into a 48-well plate and
washed twice with sterile PBS. Culture medium without
FBS and without phenol red was mixed with MTS in a 5:1
ratio, added to the wells, until total cover of the constructs,
and incubated for 3 h at 378C in a 5% CO2. After the incuba-
tion period, 100 lL of MTS and medium mixture were trans-
ferred into each well of a 96-well plate and absorbance was
read in a microplate reader (Bio-Tek) at 490 nm.
Evaluation of GBMCs Adhesion and Morpholo-
gy. GBMCs adhesion and morphology were investigated by
Scanning Electron Microscopy, SEM (Leica Cambridge S-
360, UK). For this purpose, after each culturing period,
samples were removed from the culture well, washed in
PBS, fixed in 2.5% glutaraldehyde, rinsed twice with PBS,
and dehydrated in a series of ethanol concentrations (30%,
50%, 70%, 90%, and absolute) for 15 min with final dehy-
dration in absolute ethanol for 30 min. Finally, samples
were dried at room temperature and sputter coated with
gold [using a Fisons Instrument Coater (Polaron SC 502,
UK)] before observation with SEM.
Assessment of GBMCs Proliferation by Fluorimetric
Analysis. GBMCs proliferation in the prepared scaffolds
was determined using a fluorimetric dsDNA quantification
kit (PicoGreen, Molecular Probes). Samples collected on
days 3, 7, 14, 21, and 28 were transferred into 1.5 mL
microtubes containing 1 mL of ultra-pure water and stored
at 2808C until testing. Before DNA quantification, con-
structs were thawed and sonicated for 15 min. Samples and
standards (ranging between 0 and 2 lg/mL) were prepared
by adding per each well of an opaque 96-well plate 28.7 lL
of either sample or standard, 71.3 lL of PicoGreen solution,
and 100 lL of Tris-EDTA buffer. The plate was incubated
for 10 min in the dark and fluorescence was measured on a
microplate ELISA reader (BioTek) at 520 nm using an
emission source of 490 nm. A standard curve was created
and sample DNA values were read off from the standard
graph. Each experiment was performed in triplicate.
Assessment of GBMCs Proliferation by Inmunofluor-
escence. Cell-poly(CLMA) constructs were washed in
PBS, 0.1M for 5 min, fixed with formalin solution for 1 h
and washed with PBS twice. After rinsed with H2O2 for 5
min for three times, unspecific immune reactions were
blocked using a blockade solution (BS) [8.9 mL of PBS
(0.1M), 1 mL of FBS (10%), and 0.1 mL of Triton (0.1%)]
for 2 h at room temperature. After that, Antihuman Mouse
Alkaline Phofatase antibody (R&D System) (for ALP
detection), or Antihuman rabbit collagen I antibody (Chem-
icon) (for type I collagen), or Antihuman Mouse Osteocal-
cin antibody (R&D System) were administrated for 1 h at
room temperature and overnight at 48C. Cell-scaffold con-
structs were washed three times with PBS (0.1M) and were
incubated with secondary antibody (1:200 in BS) for 2 h at
room temperature. Then, samples were rinsed three times
with PBS for 5 min and DAPI (1/5000 in PBS, 0.1M) was
added. The evaluation was done by [Leica TCS SP2 AOBS
(Leica Microsystems Heidelberg GmbH, Mannheim, Ger-
many)] Confocal Microscopy. Two-dimensional (2D) pseu-
docolor images (255 color levels) were gathered with a
size of 1024 3 1024 pixels.
To visualize type I collagen, the cells-scaffold constructs
were monitored in the confocal microscope, using a 20X
Plan-Apochromat Lambda Blue 0.70 IMM objective, with
a single excitation (405 nm) and a single emission system
(411–451 nm), with one multiplier for blue fluorescence.
Double-labeled preparation was monitored in the confocal
microscope, using a 40X Plan-Apochromat 1.25 N.A. oil
objective, with a double excitation (405 nm, 488 nm) and a
double emission system (411–451 nm, 501–594 nm), with
two multipliers for blue and green fluorescence to deter-
mine osteocalcin. Alkaline phosphatase (ALP) was detected
using double-labeled preparation in the confocal micro-
scope, with a double excitation (405 nm, 561 nm) and a
double emission system (411–451 nm, 571–664 nm), with
two multipliers for blue and red fluorescence.
Statistical Analysis
Student’s t-test of two samples assuming equal variance,
and ANOVA, single factor tests were used to compare
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between samples, data considered significant for *p values
\ 0.05. The statistical analysis comes from proliferation
and MTS experimental data.
RESULTS
Pore Architecture of the Scaffolds
The scaffolds prepared in this work are similar to those
reported in reference.5 SEM micrographs of the resulting
scaffolds (Figure 1) show the pore architecture consisting of
a network of interconnected spherical pores. Figure 1 corre-
sponds to poly(CLMA) network but the same geometrical
structure was obtained with poly(CLMA-co-HEA) copoly-
mers with different amounts of HEA (30 and 50% of HEA).
A deeper insight into the pore architecture was obtained
using micro-computed tomography, l-CT, that allowed a
quantitative characterization of pore size and interconnec-
tivity. Figure 2 shows a representative 2D section of a
CLMA scaffold. 3D reconstruction of the scaffolds geome-
try allows one to calculate the total porosity and the pore
size distribution,10 which is shown in Figure 3. The mean
pore diameter is ! 90 lm, according to the diameter of the
porogen particles used in the preparation of the scaffold
(Figure 3).
Adhesion and Proliferation of GBMCs Cultured onto
Poly(CLMA) and Poly(CLMA-co-HEA) Scaffolds
Cell seeding into the scaffolds was performed by injecting
in the center of the scaffold a suspension of GMBCs using
a micro syringe. In this way, cell suspension is initially
forced to fill in the whole volume of the pores. Despite the
volume of medium in which cells were suspended was as
small as possible (50 lL), it is larger than the pore volume
of the sample and a part of the suspension and thus a frac-
tion of cells leaves the sample (and is retained in the well).
One hour after seeding, the samples were transferred to
new well-plates with fresh culture medium to stimulate the
adhesion of the cells to the scaffold.
Figure 4 shows the SEM micrographs of the surface of
poly(CLMA) samples seeded with GBMCs and cultured in
osteogenic medium at different culture times (3, 7, 14, 21,
and 28 days). Also, a detail at higher magnification
(Figure 5) shows the cells on the scaffold transversal sec-
tion of poly(CLMA) at day 21, which shows that cells
adhere to the substrate, spread actively, and present a flat
morphology.
The influence of the chemical composition of the scaf-
fold on GBMCs culture can be observed on the surface of
the scaffolds after 21 days of culture (refer the SEM pic-
tures in Figure 6). The fraction of surface covered by cells
and extracellular matrix is much lower in poly(CLMA-co-
HEA) 50/50 copolymer than in poly(CLMA).
The amount of DNA per sample (Figure 7) showed an
important increase of the number of cells from day 3 to
day 28 in all the scaffolds and hence a high cellular prolif-
eration occurred in presence of osteogenic medium. No sig-
nificant differences were found between the behavior of
poly(CLMA) scaffolds and those containing 30% HEA
Figure 1. SEM micrographs of poly(CLMA) network scaffold at different magnifications.
Figure 2. l-CT transversal images of poly(CLMA).
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with the exception of the MTS experiment at day 3. Never-
theless, the number of cells is much smaller in the copoly-
mer containing 50% HEA than in poly(CLMA) confirming
the influence of hydrophilic character on cell proliferation.
For example, even for the longest culture times, the DNA
content is slightly higher in the scaffold containing 30%
HEA. These results are confirmed by the MTS assay
(Figure 8) and show cell viability and proliferation when
culturing GMBC in osteogenic medium seeded in the pol-
y(CLMA) scaffolds or containing small amounts of the
hydrophilic component to improve water diffusion through
the construct.
Osteogenic Differentiation
Scaffolds cultured for different time periods were cross
sectioned in thick slices and observed with confocal
microscope after inmunofluorescence assays. Figure 9(a–f)
show different sections of a poly(CLMA) scaffold at days
14 (a,b,c) and 21 (d,e,f). In all of them, the nuclei of the
cells were counterstained with DAPI (blue). These images
confirm that a high number of cells has invaded the inte-
rior of the scaffold and the number of positive cells for
ALP, type I collagen, and osteocalcin markers increase
with the amount of CLMA in the scaffolds. The behavior
of the cells cultured in poly(CLMA-co-HEA) (50/50) was
different. A few cells can be found in cross sections of
these copolymer scaffolds as shown in Figure 9(g–i), con-
firming the results of MTS assay and DNA content
described above. Osteocalcin and type I collagen markers
are positive, but in the case of ALP the result was
negative.
DISCUSSION
The procedure used to process the porous constructs per-
mitted to obtain a series of macroporous scaffolds with tai-
lored chemical structure of the pore surface that interact
with cells but keeping the same pore architecture and po-
rosity (!72% as calculated from microCT) for all of them.
In particular, surface tension is greatly affected by the pres-
ence of hydroxyl groups and also equilibrium water content
of the bulk material in immersion in liquid water or culture
medium [maximum water absorption, w, for poly(CLMA)
was 0.1 and for poly(CLMA-co-HEA) (30/70) was 1].5
Figure 3. Pore size distributions for the CLMA structures.
Figure 4. SEM micrographs of poly(CLMA) scaffolds seeded with GBMCs and culture for 28 days in osteogenic media: day 3 (a),
day 7 (b), day 14 (c), day 21 (d), and day 28 (e).
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The increase in water absorption ability and surface ten-
sion with increasing HEA content is expected to improve
the scaffold wettability, enhancing cell seeding, and trans-
port of nutrients and other water soluble products to the
whole volume of the scaffold. Nevertheless, the increase of
hidrophilicity could lead to decrease cell adhesion to the
substrate. The balance between these factors must deter-
mine the viability of cells cultured in 3D scaffolds.
Pore size distribution within the scaffolds is mostly
unaffected by the chemical composition of the underlying
material, i.e., the architecture of the scaffold is mainly
determined during the sintering process of the PMMA tem-
plate and it does not change due to the polymerization of
different chemical components. The pore size is determined
by the size of the porogen particles but also by the polymer
contraction when drying after porogen elimination with a
suitable solvent.11 Thus, pore architecture could in principle
vary with the copolymer composition. Nevertheless, this
was not the case in the series of samples of this work and
pore structure shown in Figure 1, and the pore size distri-
bution of Figure 3 are representative of all compositions. A
more detailed analysis of the scaffolds architecture has
been reported elsewhere.10
Cellular density increases with time (Figure 4), suggest-
ing adequate adhesion and proliferation. After 21 days, the
complete surface of the scaffold is covered by cells and
extracellular matrix. On the other hand, the presence of
high cell density inside the scaffold can be proved observ-
ing thick cross sections of the samples using confocal mi-
croscopy after fluorescent staining of the cell nuclei with
DAPI (Figure 9). Cross sections of the scaffold were also
observed by SEM (Figure 5) demonstrating the cell coloni-
zation of the interior of the scaffolds besides their growth
and adhesion to the surface of the material. Results were
similar for other copolymer composition.
The fraction of surface covered by cells and extracellu-
lar matrix markedly decreases in poly(CLMA-co-HEA) 50/
50 copolymer with respect to poly(CLMA). Nevertheless,
the behavior of the copolymer containing 30% HEA is sim-
ilar to that of poly(CLMA) homopolymer. This fact is con-
firmed by the MTS assay (Figure 8) where, with the
exception of day 3, there are not statistical significant dif-
ferences between both samples. Also in the same figure we
can see how the viability is similar at 14 and 21 days of
culture, but the cells number is double after 21 days with
respect to day 14 (refer Figure 7). Even if these results
might be related to higher cell death rates after day 14, it
cannot be excluded that MTS assay underestimates the
number of viable cells for high the cell densities due to
the difficulty for the reactive to access all the cells inside
the 3D scaffolds.
From Figure 8 we can conclude that the 3D scaffolds
made of poly(CLMA) and poly(CLMA-co-HEA) copoly-
mers with up to 30 Wt% HEA support viability of GBMCs.
Figure 6. SEM micrographic of poly(CLMA-co-HEA) at day 21. Figure 6(a–c) correspond to poly(CLMA-co-HEA) with (100/0), (70/
30), and (50/50), respectively.
Figure 5. SEM micrographs of poly(CLMA) scaffolds seeded with GBMCs in day 21 with osteogenic media: scaffold transversal
section.
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The porosity and interconnectivity of the pore structure
ensures the supply of nutrients to cells in the culture in
static conditions. Further increase in HEA content and thus
of the hydrophilicity rapidly reduces cell numbers inside
the scaffold. This feature can be due to the decreased adhe-
sion of the cells to the substrate. When the distribution of
the hydrophilic groups on substrate’s surface is homogene-
ous it has been found that some types of cell attach more
to hydrophobic substrates, and cell adhesion decreases
monotonously with the fraction of hydrophilic groups on
the surface. This was the case of chondrocytes cultured in
monolayer on poly(EA-co-HEA) or poly(EMA-co-HEMA)
substrates,12–17 or normal human conjunctival epithelial
cells18 or human umbilical cord vein cells19 in both cases
cultured on poly(EA-co-HEA), similar results were
obtained.19–23 Nevertheless, the optimal composition of this
type of scaffolds based on copolymers with a hydrophobic
and a hydrophilic components does not always correspond
to the hydrophobous material, intermediate compositions
containing between 0% and 50% of the hydrophilic compo-
nent were more adherent for central nervous system cells.24
This situation was also observed when the hydrophilic
groups cluster forming nanodomains on the surface as hap-
pened in human chondrocytes cultured on poly(EA-co-
HEMA) substrates.17
The differences in cell adhesion have been attributed to
differences in protein adsorption and conformation on these
surfaces. For example, cultured MC3T3-E1 osteoblasts25 on
surfaces with uniform distribution of different chemical
groups coated with fibronectin and were able to correlate
cell attachment and localization of focal adhesions with the
exposition of the central module of fibronectin molecule,
where the RGD ligands for integrins reside. The influence
of substrate hydrophilicity and the distribution of
hydrophilic groups on the conformation of proteins
adsorbed has been also reported elsewhere26,27 and corre-
lated with cell attachment.
Proliferation of the cells lodged into the pores of the
scaffold requires cell attachment to the pore walls as shown
in SEM picture of Figure 5. Additionally, a homogeneous
cell distribution and growth towards the interior of the scaf-
fold is difficult to achieve under static culturing.28
Osteogenic cells require an interaction with the extracel-
lular matrix for their growth, maturation, and survival.
Differentiation of GBMCs into bone-forming cells can
be assessed characterizing the expression of some makers
and the composition of extracellular matrix that correlate
with osteoblastic phenotype such as ALP levels, type I col-
lagen, some non-collagenous proteins such as osteocalcin
and finally the formation—in a controlled cell-mediated
way—of a calcified extracellular matrix. Figure 9(a,d)
show (in red) the presence of type I collagen, which is the
predominant protein of bone matrix and its expression and
secretion is critical for mineralization process. Attachment
to type I collagen is mediated through integrins that acti-
vate kinase signaling pathways, thus supporting osteoblast
cell proliferation and bone growth. ALP is a cell-surface
glycoprotein that is involved in mineralization and detected
during the early differentiation process. Figure 9(c,f) reveal
the presence of the ALP marker (red color) inside the scaf-
folds at 14 and 21 days culture. Figure 9(b,e) show the
presence of osteocalcin in the extracellular matrix but not
in all the regions occupied by the cells. Osteocalcin is a
Figure 8. Viability levels of GBMCs on poly(CLMA-co-HEA) with different compositions after 3, 7, 14, 21, and 28 days in osteogenic
media.
Figure 7. DNA content of GBMCs on poly(CLMA-co-HEA) with dif-
ferent compositions after 3, 7, 14, 21, and 28 days in osteogenic
media.
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matrix protein that regulates osteoclast activity and which
characterizes the post proliferative phase.29 Thus Figure
9(b,e) suggest that osteogenic differentiation is not com-
plete after 21 days of culture in osteogenic medium. These
results confirm that GBMCs cultured in this kind of scaf-
folds for such time periods have characteristics of osteopro-
genitor cells and exhibit other features of pre-osteoblasts.
In fact, it has been demonstrated in several studies that the
BMSCs are able to proliferate and differentiate to
osteoblast (using biochemical stimulation provided by the
osteogenic components of the culture medium), but miner-
alization can only occur in short culture periods when cells
are also submitted to other stimulus, such as mechanical
stimulation provided dynamic culture conditions (in perfu-
sion bioreactors).28
Figure 9(g–i) show the inmunofluorescence pictures of
cross sections of poly(CLMA-co-HEA) 50/50 scaffolds. In
good agreement with the MTS and DNA, the number
of cells inside the scaffold is clearly much smaller than in
poly(CLMA) but the cells expressed type I collagen and
osteocalcin, although ALP test was negative.
Concluding, the samples with 100% of CLMA and 70%
of CLMA present a similar pore size distribution, intercon-
nectivity, and the same behavior in the GBMCs cell cul-
tures. This is the reason why, if a material should be
chosen to further applied research, the scaffold with 70%
of CLMA would be selected since, in addition to the
above-described features, this system presents adequate
hydrophilicity that allows enhancing of nutrients transport
to the whole volume of the scaffold.
CONCLUSIONS
3D scaffolds made of copolymers that combine hydroxy-
ethyl acrylate and caprolactone units have proven to sustain
GBMCs adhesion and proliferation. The method of inject-
ing a cell suspension inside the scaffolds has proved to be
Figure 9. Immunohistochemistry analysis of osteoblast related protein expression in GBMCs culture on poly(CLMA) scaffolds. Cul-
tured cells expressed the extracellular matrix proteins: Type I collagen (Figures a and d for day 14 and 21, respectively) and osteo-
calcin (b and e for day 14 and 21, respectively). ALP activity was also detected (c and f at days 14 and 21, respectively). Figure
9(g–i) correspond to the type I collagen, osteocalcin, and ALP immunohistochemistry of GBMCs in poly(CLMA-co-HEA) (50/50).
284 ESCOBAR IVIRICO ET AL.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
effective in seeding a cell population uniformly distributed
in the pore structure. Culture of the scaffolds in osteogenic
medium maintains proliferation while the cells express
characteristic osteogenic markers such as type I collagen,
ALP, and osteocalcin. It can be concluded that the best
behavior was found when cells were cultured in hydropho-
bic scaffolds containing small amount of the hydrophilic
component (up to 30%). This system allows one to improve
diffusion of water and bioactive molecules through the
scaffold without compromising the biological response.
Nevertheless, HEA content above 50% reduces the cell via-
bility and proliferation.
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